the other three moa taxa combined at BHV. A subsample of 227 individuals had sufficient nuclear 28 DNA preservation to warrant the use of molecular sexing techniques, and the analyses uncovered a 29 remarkable excess of females in both deposits with an overall male to female ratio of 1 : 5.1. Among 30 juveniles of E. curtus, the only species which was represented by a substantial fraction of juveniles, 31 the sex ratio was not skewed (10 ♂, 10 ♀), suggesting that the observed imbalance arose as a result of 32 differential mortality during maturation. Surprisingly, sex ratios proved significantly different 33 between sites with a 1 : 2.2 ratio at BHV (n = 90) and an entire 1 : 14.2 at PV (n = 137). Given the 34 mobility of large ratites, and the proximity of the two fossil assemblages in space and time, these 35 differences in taxonomic and gender composition indicate that moa biology and the local environment 36 have affected the fossil representation dramatically and several possible explanations are offered.
(BHV)] located 5.7 km apart in North Canterbury, South Island. The two sites' combined fossil record 23 cover the last 3000 years of pre-human New Zealand and mitochondrial DNA confirmed that four 24 species (Dinornis robustus, Euryapteryx curtus, Emeus crassus, and Pachyornis elephantopus) were 25 sympatric in the region. However, the relative species compositions in the two deposits differed 26 significantly with D. robustus and E. crassus being most abundant at PV while E. curtus outnumbered 27 the other three moa taxa combined at BHV. A subsample of 227 individuals had sufficient nuclear 28 DNA preservation to warrant the use of molecular sexing techniques, and the analyses uncovered a 29 remarkable excess of females in both deposits with an overall male to female ratio of 1 : 5.1. Among 30 juveniles of E. curtus, the only species which was represented by a substantial fraction of juveniles, 31 the sex ratio was not skewed (10 ♂, 10 ♀), suggesting that the observed imbalance arose as a result of 32 differential mortality during maturation. Surprisingly, sex ratios proved significantly different 33 between sites with a 1 : 2.2 ratio at BHV (n = 90) and an entire 1 : 14.2 at PV (n = 137). Given the 34 mobility of large ratites, and the proximity of the two fossil assemblages in space and time, these 35 differences in taxonomic and gender composition indicate that moa biology and the local environment 36 have affected the fossil representation dramatically and several possible explanations are offered.
37
Apart from adding to our understanding of moa biology, these discoveries reinforce the need for 38 caution when basing interpretation of the fossil record on material from a single site. 39
Introduction 1
Moa (Aves: Dinornithiformes) occupied most areas of New Zealand from the coastline to the inland 2 alpine areas until they disappeared shortly after the arrival of human settlers in the late 13th century 3 CE (e.g. Holdaway and Jacomb, 2000; Worthy and Holdaway, 2002) . Since the early-1990s, ancient 4 DNA (aDNA) technology has been applied to investigate the systematics and palaeobiology of these 5 extinct ratites and has shed light on aspects of moa evolution (e. ). aDNA analyses also provided the basis for arguably the most significant 8 finding in recent moa research, when it was revealed that highly divergent moa allomorphs were 9 actually single species displaying extreme levels of reverse sexual size-dimorphism (RSD) (Bunce et 10 al., 2003; Huynen et al., 2003) . As a result, moa taxonomy was revised, emphasizing the advantages 11 in including a genetic approach in phylogenetic, taxonomic, and palaeoecological analyses. 12
The present study represents the next natural step forward in moa research, shifting focus from larger 13 evolutionary patterns towards population level dynamics. By sampling many individuals preserved in 14 close spatial and temporal proximity, it should be possible to study aspects of moa biology not 15 accessible in fossils covering many thousands of years and large geographical distances. The late 16 Holocene environment of North Canterbury, South Island, New Zealand ( Figure 1 ) supported a 17 diverse moa fauna largely dominated by four of the ten presently-recognized moa species (Dinornis 18
robustus, Emeus crassus, Euryaptery curtus, Pachyornis elephantopus) and is ideal for such research 19
because of several excavated fossil-rich deposits in this region (Worthy and Holdaway, 1996) . 20
Museum collections from two adjacent sites, Pyramid Valley (PV) and Bell Hill Vineyard (BHV) in 21
North Canterbury, include >300 individual well-preserved, non-mineralised fossils of partial and 22 complete moa skeletons, providing an opportunity to study the moa at the population level. A few 23 moa from PV had been radiocarbon dated and they suggested a late Holocene fossil accumulation: 24 conventional radiocarbon ages spanned the period from 3740 BP to 1245 BP (Kulp et al., 1952 ; Blau 25 et al., 1953; Gregg, 1972; Burrows et al., 1981 ). This rudimentary chronology was supported by four 26 radiocarbon ages of sediment layers surrounding the moa remains (Gregg, 1972) . Large temporal 27 overlaps among species and a largely contemporaneous deposition at the two sites ranging from c. indeterminate members of the family "Emeidae" within moa). A DNA-based identification 4 methodology is therefore the crucial first step in assessing accurately the species composition of the 5 moa fauna in each deposit. Establishing the relative abundances at such a fine geographic scale can 6 provide fundamental knowledge on the complexity characterising the living moa assemblage. Not 7 least, an accurate species composition also contributes significantly to the interpretation of the 8 deposition modes, including potential size-specific effects, given, for example, that females of D. 9 robustus were up to 2 m high at the back weighing up to 250 kg (Figure 2 ), whereas an average adult 10 of E. crassus was c. 1 m high and weighed <60 kg (Worthy and Holdaway, 2002 Figure 1, Figure 2 , supplementary information Figure S1 ). The PV deposit is characterised by 32 exceptional bone preservation and high species richness. Most importantly, moa were preserved here -33
for the most part -as separate skeletons, which allowed discrimination between individuals. Moa 34 fossils were discovered at PV in the late 1930s while the landowners were burying a horse. Extensive 35 excavations between 1949 and 1973 involved ~7.5 % of the deposit's surface area, and the results 36 were summarised by Holdaway and Worthy (1997) . The PV deposit sampled the fauna inhabiting a 37 seasonally dry forest on the lime stone hills surrounding a 1.5 ha shallow lake (Figure 2 ), and the 38 fossils were preserved in the anoxic lake sediments ("gyttja") (e.g., Burrows, 1989 were characterised from the amplified fragments and, when compared to ~300 moa GenBank 35 sequences (representing all 9 species), we were able to identify and discriminate between the four 36 moa taxa present at the PV and BHV sites (see Figure S3 ). Samples from individuals that yielded a 37 different taxon from that listed in the museum catalogue were repeated in at least one additional PCR 38 to confirm the result. Nomenclature of moa is still subject to changes as more genetic and other guidelines, DNA extractions and PCR setup were performed in separate, dedicated aDNA facilities at 5
Murdoch University (Perth, Australia). 6 7
Molecular sexing 8
All birds display a ZZ/ZW sex chromosomal mechanism, with females being the heterogametic sex 9 (e.g., Bloom, 1974; Clinton and Haines, 1999). We applied two independent molecular sexing 10 protocols, amplifying moa specific W-linked sequences with lengths of 60 bp and 85 bp respectively. 11
Primers (Moa1/Moa2 and KW1F/KW1R) were designed and loci amplified using PCR conditions 12 described in Huynen et al. (2003) and Bunce et al. (2003) with the exception that Hi Fidelity Platinum 13
Taq® polymerase was deselected in favour of Gold Taq polymerase (both Invitrogen®) which 14 increased the specificity of the reaction. Primer-dimer bands often interfered with the short W-linked 15 PCR products on traditional gel-electrophoresis images, which made interpretations problematic. To 16 avoid this, primers (Moa1 and KW1R) were 5'-labelled with fluorescent FAM dye (Integrated DNA 17
Technologies, Coralville, U.S.A.) and the PCR products separated on an ABI 3730 genetic analyser 18 by co-running a Genescan LIZ500 size standard (Applied Biosystems, Foster City, CA, U.S.A.).
19
Negative extraction and amplification controls were always included. DNA fragments were scored 20 manually with the aid of GENEMARKER® v 1.5 (Soft Genetics, Pennsylvania, U.S.A.). The 21 assigned sex of an individual was accepted only if it was confirmed by both PCR assays 22
(Supplementary information Figure S2 ). Because of the risk that poorly preserved DNA would fail to 23 amplify the W-linked sequences (and hence appear as males regardless of their true sex), all extracts 24
were screened initially to confirm sufficient preservation of nuclear DNA. Primers amplifying a >100 25 bp moa-specific microsatellite (Moa_MS2) (Allentoft et al., 2009) were used for this purpose. Finally, 26
extracts from all apparent males were subsequently repeated in PCR's by both sexing protocols to 27 further minimize the risk of including "false" males in the data. Individuals whose DNA yielded 28 inconsistent results or did not amplify the Moa_MS2 locus were omitted from all analysis concerning 29 sex ratios. 30
To allow for a comparison of sex ratios in juveniles and adults, the individual developmental stage 31
was assessed for each sampled tibiotarsus according to the patterns of bone development and fusion 32 described in . The authors identified six different ontogenetic classes 33 based on the state of development of the bone, but to avoid fragmenting the data beyond usage, we 34 discriminated only between juveniles (stage I, II, III and IV) and adults (stage V and VI). The growth 35 rate differed among moa higher taxa ) and the transition from juvenility to 36 adulthood is gradual and obviously relies on the very definition of the terms. However, at stage V, the 37 tibiotarsus of the birds had reached their full length ) so for the purposes 38 of this study, we set the distinction at the easily separable features characterising stages IV and V. The 39 ontogenetic age of a few bones with significant post-mortem damage or missing parts, could not be 40 assessed (Supplementary information Table S1 ). These individuals were excluded from the 41 subsequent comparison of sex ratios in adults and juveniles. 42 
Results 1

Species representation 2
Of 268 sampled bones, positive species identifications were obtained for 267. Only one individual (S 3 40302, listed in the museum catalogue as E. crassus) continually failed to amplify DNA. The species 4 compositions are shown in Table 1 and Figure 3 . Overall, D. robustus, E. crassus and E. curtus were 5 equally common in the deposits (29 %, 30 % and 29 % respectively) whereas the largest emeid, P. 6 elephantopus, contributed just 12 % of the individuals at both sites combined. The relative species 7 abundances differed significantly between the two sites (χ 2 df=3 = 215.9, P << 0.0001). D. robustus and 8 E. crassus dominated in the PV deposit whereas E. curtus outnumbered the other three taxa combined 9 at BHV. 10
Only two individuals from PV had been misidentified on morphological criteria, but 21 Table S1 ). Matching these 24 results served as a successful independent replication, which is an important validation criterion in the 25 field of ancient DNA (Cooper and Poinar, 2000) . 26
We tested for a relationship between cycle threshold (C T ) values (based on the 262F/441R mtDNA, 27 qPCR amplifications) and the genetically-determined gender. If the absence of W-linked 28 amplifications had indeed resulted from poor DNA preservation, this should be reflected in higher C T 29 values (i.e. a later DNA amplification) in males than among females in our tested subsample (228 30 randomly picked DNA extracts). A significant relationship between C T value based on the 31 mitochondrial 262F/441R primers and the ability to amplify nuclear DNA has already been 32 established on a large proportion of our moa DNA extracts (Allentoft et al., 2009). The tested males 33 did not display higher C T values (n = 33, mean C T = 34.0) compared to the females we tested (n = 34 164, mean C T = 34.2) which indicated that the DNA preservation among detected males was just as 35 good as among detected females (t-test: t df=195 = 0.28, P = 0.78). Individuals that could not be 36 genetically sexed, however, displayed significantly (t-test: t df=226 = 2.78, P = 0.006) higher C T values 37 (n = 31, mean C T = 36.1) than all the tested individuals that were successfully provided with a gender, 38 male or female regardless (n = 197, mean C T = 34.1). These associations strongly supported the 39 results and displayed the robustness of the applied genetic sexing protocols. 40
Of the 227 individuals assigned a sex, 190 were females; and 37 were males (Table 2, Figure 3) . 1
Emphasizing the highly-skewed sex ratios, no males of E. curtus or P. elephantopus were detected in 2 the sample from PV and only two males were identified among the 49 sexed D. robustus individuals 3 from this site (Table 2) . Overall, taxa and sites combined, the sex ratio (♂ : ♀) was 1 : 5.1 and 4 differed significantly from equality (χ 2 df=1 = 93.7 , P << 0.0001). Sex ratios ranged from 1 : 1.6 within 5 E. crassus at BHV to 1 : 23.5 within D. robustus at PV (Table 2) , and in the far majority of test 6 combinations among sites and species, the ratios differed significantly from equality in favour of 7 females (Table 1 ). The sex ratios also deviated significantly (χ 2 df=1 = 88.3, P << 0.0001) between the 8 two sites, with an overall 1 : 2.2 at BHV but 1 : 14.2 at PV (Table 2) . A higher fraction of males at 9 BHV compared to PV was evident within each taxon, and significantly so, except for E. crassus 10 showing a somewhat similar ratio of 1 : 7.6 ratio at PV and a 1 : 6.5 ratio at BHV ( Table 2) . Although 11 males were in clear minority at both sites, a much higher proportion of the moa at BHV were males. 12
Juveniles constituted a significantly (χ 2 df=1 = 36.1, P << 0.0001) higher fraction (41 %) of moa 13 preserved at BHV than at PV (16 %) ( Figure 3 , Table 3 ). This resulted mainly from a very large 14 number of juvenile E. curtus found at BHV (34 individuals) but also, 47 % of D. robustus at BHV 15
were juveniles compared to just 18 % at PV ( Table 3 ). The large number of E. curtus at BHV allowed 16 for a meaningful sex ratio comparison between juveniles and adults within same species and site. 20 17 juveniles and 21 adults of E. curtus from BHV were successfully sexed and the sex ratios proved 18 significantly different (χ 2 df=1 = 3.9, P = 0.049), with a balanced 1 : 1 ratio among juveniles but a 1 : 2.5 19 ratio among adults (Table 3) . 20
Molecular sexing of juveniles was generally less successful than for adults (30 % failure contra 9 % 21 failure respectively) ( Table S1 ). Many of these were, however, specimens 1 lacking clear diagnostic features because they were damaged or from small juveniles, or both. Of 13 2 misidentified BHV bones that could be genetically sexed, nine were determined to be males of a 3 different taxon than that proposed on morphological data (Supplementary information Table S1 ). This 4 clearly reflects how sexual dimorphism has contributed to the (smaller) males being wrongly assigned 5 to a smaller taxon. The inclusion of genetically-determined juveniles in the BHV sample significantly 6 altered the relative species composition and effectively doubled the proportion of identified E. curtus 7 at that site. These results suggest that previous analyses of relative species abundance from sites with 8 many juveniles could be affected by systematic errors and that material used for detailed studies of 9 moa biology would benefit from being identified genetically, if the DNA preservation allows it and 10 especially if the sample includes juveniles. 11 12
Overall species abundances 13
The analyses showed that four moa species occupied the area around the two sites in the late highlight some of the problems associated with such interpretations and suggests that more subtle 28 features of the environment were controlling moa distribution, abundance, and deposition. 29
Niche separation, biased deposition or unrepresentative collections? 30
The relative abundances of moa taxa in the two adjacent sites proved very different; an unexpected 31 extent of geographical distribution heterogeneity for such large and highly mobile animals. 2008) has been presented for niche partitioning, stable isotopic data do suggest such variation between 31 taxa in moa (Worthy and Holdaway, 2002) . A detailed discussion of the possible nature and 32 composition of the suggested difference in microhabitats is beyond the scope of this paper, but habitat 33 around a small stream in the forest (BHV) probably differed somewhat from that around the 1.5-ha 34 lake at PV and could have prompted different behavioural responses (attraction / avoidance) among 35 the four species of moa in the area. 36
Sex ratios 37
Sixty-five percent of 200 published estimates of adult sex ratios in birds differed significantly from 38 equality (Donald, 2007) . Although there may be a considerable publication bias (Donald, 2007) , 39 unbalanced sex ratios are clearly not uncommon amongst birds. Most bird species with unbalanced 40 sex ratios display, however, an excess of males (Donald, 2007) , whereas our data showed an excess of 41 females. In the following, we distinguish between primary, secondary, and tertiary sex ratios, being 42 the ratios of male to female in eggs, chicks, and independent non-juvenile individuals, respectively, as 43 defined by Mayr (1939) . There is a substantial literature on the adaptive advantages that could explain 44 variation in offspring sex allocation (e.g. Sheldon, 1998; Hardy, 2002; West et al., 2002 ), but we have 1 presented evidence that the sex ratio was not skewed in juvenile E. curtus and although sufficient data 2 were available for a meaningful comparison between adults and juveniles of that taxon alone, the 3 result is unambiguous and significant. It clearly demonstrates an absence of imbalance in the primary 4 or secondary sex ratios of E. curtus individuals but a 1 : 2.5 ratio among adults from the same site. 5
Perhaps compromising this observation as a general feature in moa, no males were detected among 6 the 27 sexed juveniles which were not E. curtus (from the two sites combined) ( Table 3 ). This 7 possible discrepancy between sex ratios in juveniles of E. curtus and juveniles of the other taxa may, 8 in part, reflect the relative immaturity (maturity class I) of many sexed juveniles of E. curtus from 9
BHV. If the factor(s) causing a tertiary sex skew did not operate on the earliest life stages, all these 10 very young E. curtus individuals have not been affected yet, whereas the pooled sample of juveniles 11 from the other taxa included all the immature bone developmental classes (I to IV) (data not shown). 12
If the museum collections are representative of the original collections leaves at least two plausible 13 explanations for an apparently female-biased adult sex ratio: moa developed female-biased tertiary 14 sex ratio as a result of higher male mortality; or disproportionally more females than males, from 15 populations with balanced sex ratios, were deposited in the sites. A male-biased tertiary sex ratio is 16 common in birds, most likely because adult females in general suffer higher mortality as a result of 17 higher metabolic demands and greater risk of predation during incubation (e.g., Trivers, 1996; 18 Thomson et al., 1998; Donald, 2007 and females dominate males and may mate with more than one male each year (Crome, 1975) . Moa, 28
as large ratites with a high degree of RSD, could have exhibited reversed sex roles, with adult males 29 experiencing higher mortality rates resulting from the costs associated with parental care, including 30 prolonged fasting during incubation, and exclusion from the most productive habitat by territorial 31 females. One indication for greater longevity of females is the much lower adult: juvenile ratio in 32 males than in females of E. curtus (Table 3) . Despite reversed sex roles in modern ratites, the 33 literature is equivocal on there being a general excess of females, with reports of male-biased, female-34 biased, and balanced sex ratios (Coddington and Cockburn, 1995; Donald, 2007; Moore, 2007) . 35
Although a hypothesis of higher adult male mortality would explain the overall excess of females 36 documented in this and previous studies, it fails to explain why sex ratios differed significantly 37 between the two sites. Clearly, one or other, or both deposits, cannot be recording the true sex ratios, 38 because they were both "sampling" from the same moa assemblage in space and time. With females 39 of D. robustus being up to 280 % heavier than males (Bunce et al., 2003), a mass-dependant bias at 40 PV may seem preferable to explain the extreme sex skew observed in this deposit. However, the 41 overwhelming female excess is tempered by the observation that the largest (D. robustus) and 42 smallest (E. crassus) moa in the area were found in almost equal proportions at this site (38 % and 41 43 %, respectively), so mass-related deposition is unlikely to have caused the observed patterns. Instead, 44 behavioural differences between the sexes could have caused a sex-related pattern of deposition. 45 Holdaway & Worthy (1997) suggested that a different representation of sexes in the Pyramid Valley 1 deposit may be attributed to a difference in male and female behaviour around the water source.
2
Waterholes and their surrounding habitat often represent valuable resources to large territorial 3 vertebrates and for example, male springbok (Antidorcas marsupialis) defend territories beside 4 waterholes, which results in extremely skewed mating success (Ritter and Bednekoff, 1995) . If large 5 female moa were strongly territorial, only few males would have had access to the water in that area, 6 which would limit the risk for males to be incorporated in the deposits. Strong female territorial 7 behaviour by an extant ratite -the cassowary -has been captured on film (BBC, 2009) and Crome 8 (1975) reported that a dominant cassowary female only needed to be "stretching and staring silently" 9 at the males for them to promptly leave her vicinity. If PV was included in the home range of a 10 dominant female moa, it might be expected that fewer males and juveniles would be represented in 11 the deposit. A single territorial male defending a harem of many females near the lake could also 12 produce the observed skew in the deposit, but we consider that the degree of RSD precluded male 13 dominance in moa. 14 In addition to a territorial-related deposition bias, paternal egg incubation in moa, as suggested in 15
Birchard and Deeming (2009), could also lower the probability of males being incorporated in the 16 deposit. Worthy and Holdaway (1996) suggested that most of the moa at PV died during the driest 17 period over summer ( Figure 2 ) when birds might have been tempted out on to a substantially dry lake 18 bed, where a thin crust covered the "gyttja", to find water. Gizzard contents of birds from PV 19 contained seeds and fruits (Burrows et al., 1981) , perhaps supporting the contention of a summer or 20 autumn deposition (Holdaway and Worthy, 1997; . If adult males were 21 incubating elsewhere during summer, and then occupied in taking care of the hatchlings within the 22 cover of the forest, they were less likely to be incorporated in the deposit. Likewise, the low numbers 23 of juveniles for all taxa at PV may have resulted from a preference for heavier cover during 24 maturation, as known for Dromaius where the male takes the young into woodlands where there is a 25 lower risk of predation by raptors (Marchant and Higgins, 1990) . Such seasonal, reproduction-related 26 differences in activity and habitat could contribute to both the observed patterns the overall female 27 excess, and the differences between the sites, if indeed the small BHV site was in dense forest as 28 suggested by the plant material -including in situ stumps -preserved in the site (RNH per obs). 29
The sex ratios at the two sites have been discussed previously but without the accuracy provided by 30 genetic identifications. Exemplifying this, Holdaway & Worthy (1997) proposed that both sexes of E. 31 crassus were found in equal proportions at PV, whereas we demonstrate the presence of just 7 males 32 compared to 53 females. Bunce et al. (2003) estimated a balanced 1 : 1 sex ratio within D. robustus 33 from BHV, but at that site, we identified 6 males and 11 females of this taxon. The true extent of the 34 suggested tertiary gender-imbalance in the four sympatric moa populations remains unknown, but the 35 overall 1 to 2.2 female-biased sex ratio revealed at BHV is not unique among birds (Donald, 2007) 36 and certainly seems more realistic than the exceptional 1 to 14.2 ratio of the pooled sample from PV. 37
However, our results also emphasize the caution that should be exercised in assessing the biology of 38 moa in general terms without discriminating between taxa. The four species examined occupied the 39 same area, but must have differed significantly in several biological aspects to produce the fossil 40 assemblages discussed here. To fully understand the real sex ratios in the living populations of each 41 taxon, accurate genetic assessments of taxon and sex are needed from a range of fossil sites, including 42 cave deposits and pit fall traps (Worthy and Mildenhall, 1989; Worthy and Holdaway, 1993, 1994, 43 1995) that perhaps sampled the surrounding moa populations without some of the potential biases at 44 lake-, bog, and swampsites. In addition, juveniles must be included in the analyses. surrounding Dinornis population, because our assessment showed that there generally was a much 5 higher fraction of juveniles and males at BHV than at PV. 6 7
Conclusions 8
This study was based on the largest ancient DNA inventory ever obtained from a geographically and 9 temporally constrained megafaunal fossil assemblage and it has again demonstrated that aDNA is a 10 powerful source of information when biomolecule preservation permits. The species compositions 11 and sex ratios presented here could not have been quantified without aDNA technology. 12
The analyses revealed significant compositional differences between the deposits in relative species 13 abundance, sex ratios, and frequency of juveniles, despite the two sites being contemporaneous and 14 just 5.7 km apart, over easy terrain. October 2008, after two intense rain storms in July) is usually maintained at the site, but during 14 prolonged drought the lake bed dries out (D, January 2008, southern summer). These seasonal and 15 between-year differences in lake level were encountered by the local moa populations. In the late 16
Holocene, prior to human arrival in New Zealand, the lake was surrounded by forest. 17
18
Figure 3 19
Pie charts showing extent of compositional differences in species abundances (upper panel), sex ratios 20 (middle panel), and fraction of juveniles (lower panel), in the PV and BHV collections. 267 21 individuals were genetically identified to species: of these, 261 could be assigned to a maturity stage, 22 as outlined in text; 227 individuals contained sufficiently preserved nuclear DNA to allow molecular 23 sexing. 24 
